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Summary 

Advances in biochemistry, chemistry and engineering have enabled the 
development of a new gene expression assay. This 'chip-based' approach 
utilizes microscopic arrays of cDNAs printed on glass as high-density 
hybridization targets. Fluorescent probe mixtures derived from total cellular 
messenger RNA (mRNA) hybridize to cognate elements on the array, allowing 
accurate measurement of the expression of the corresponding genes. Array 
densities of >1,000 cDNAs per cm 2 enable quantitative expression monitoring of 
a large number of genes in a single hybridization. A two-color fluorescence 
detection scheme allows rapid and simultaneous differential expression analysis 
of independent biological samples. Mass-produced microarrays provide a new 
tool for genome expression analysis that may revolutionize genetic dissection, 
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Introduction 

Genomics is an exciting new discipline in modern biology 
focusing on genome mapping, sequencing and analysis. 
Such studies promise to advance our understanding of bio- 
logical systems and provide a wealth of fundamental and 
practical khowledge. The first complete DNA sequence of a 
free-living organism, that of the bacterium H. influenzal, 
paved the way for the acquisition of more elaborate genome 
sequences, including those of yeast and human. The 
expanding nucleotide and protein databases have necessi- 
tated more sophisticated methods of information handling; 
indeed, bioinformatics is a branch of computer science 
devoted entirely to managing and interpreting biological 
information* 2 ). 

The sequence of a genome can be viewed as a gene 
database for a given organism. Knowing the sequences of 
the genes, however, is only the first step in understanding 
the function of the genome. The intricate circuitry that gov- 
erns growth, development, homeostasis, behavior and the 
onset of diseases is largely governed by the RNAs and pro- 
teins encoded by the cognate genes and the complex and 
dynamic interaction of the genes with the environment. The 
complexity of modeling simple gene regulatory networks, 
such as the lysis-lysogeny decision in the bacteriophage 
lambda* 3 ), highlights the conceptual challenge presented by 
higher eukaryotes, which utilize hundreds of genetic path- 
ways involving thousands of genes. A detailed conceptual 
view of gene regulatory circuitry in higher organisms will 
require extensive expression monitoring at the level of the 



whole genome. Biological analysis of this magnitude 
requires the development and implementation of sophisti- 
cated analytical methods. 

The need for a practical, high-capacity gene expression 
assay prompted me to devise an alternative approach to 
gel- and filter-based methods employed in northern blots* 4 ), 
S1 nuclease analysis* 5 *, ribonuclease protection* 6 ), primer 
extension* 7 ) and differential plaque hybridization* 8 ). The 
new methodology exploits recent advances in high-speed 
robotic printing of DNA samples* 9 ' 10 *, which allow the mass 
production of microscopic cDNA arrays for robust gene 
expression monitoring* 10 ). The 'chip-based' approach, a 
term coined originally for oligonucleotide arrays* 11-14 ), 
allows rapid quantitation of expression levels of many genes 
in parallel. Two-color fluorescence detection enables direct 
comparison of independent biological samples. Presented 
here is a discussion of the gene expression microarray 
methodology and how this technical advance might facili- 
tate genome expression analysis and biological discovery, 
in both basic research and clinical settings. 



Preparation of gene expression microarrays 

Microarrays are printed on a glass surface using computer- 
controlled, high-speed robotics* 9 - 10 ). The cDNAs to be 
arrayed are first amplified in a 96-well format using the poly- 
merase chain reaction (PCR). Samples (nl) of the amplified 
and purified cDNAs are transferred from microtiter plates 
onto glass microscope slides using a robotic printhead (Fig. 
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1). In preparation for monitoring gene expression, the 
cDNAs are linked chemically to the glass surface and dena- 
tured by heat treatment* 9 - 10 ). 

The source of cDNAs for the microarrays may include 
fully sequenced clones, collections of partially sequenced 
cDNAs known as expressed sequence tags (ESTs), or ran- 
domly chosen cDNAs from any library of interest. Amplifica- 
tions can be carried out by using either gene-specific 
primers or primer pairs that recognize vectors sequences 
present in each clone. Common primers provide a signifi- 
cant advantage when amplifying clones in an automated 
system. A standard PCR reaction provides material suffi- 
cient to print more than 500 microarrays* 9 ' 10 ). The printing 
speed allows 36 microarrays, each containing 1 ,000 array 
elements (cDNAs), to be fabricated automatically in about 5 
hours. At a density of 1 ,000 cDN As per cm 2 , a 1 0 cm 2 micro- 
scope slide can provide specific hybridization targets for 
10,000 genes. 

Overview of the microarray assay 

In principle, microarrays can be used to monitor expression 
in samples of any biological origin, including bacteria, fungi, 
higher plants and animals. In the protocol described in the 
first report* 10 ), total mRNA was isolated from a biological 
sample and labeled using a single round of reverse tran- 
scription in the presence of fluorescent nucleotides (Fig. 2). 
The complex fluorescent probe mixture was then hybridized 
to a cDNA microarray, washed at high stringency and 
scanned with a laser. Fluorescence intensity at each pos- 
ition on the array provided an accurate measure of the 
expression of the cognate gene (Fig. 2). 

Quantitative monitoring of gene expression 

Gene expression microarray technology was developed 
using the small flowering plant Arabidopsis thaliana as a 
model system* 10 ). Arabidopsis offers many advantages for 
molecular genetic studies* 15 ), including the fact that it has 
the smallest genome of any multicellular organism (Table 




(microarrays) 

Fig. 1. Robotic arraying machine. The schematic diagram shows a 
microarray ing device. A robotic printhead transfers a small sample of PCR- 
amplified cDNAs from microtiter plates to designated positions on a panel of 
microscope slides. Arrows indicate printhead and baseplate motions, both of 
which are computer-controlled. 



1), the complete DNA sequence is available for hundreds of 
Arabidopsis cDNAs, and large-scale sequencing efforts 
have succeeded in characterizing more than 20,000 
expressed sequence tags (ESTs)* 16 - 17 ). Collections of 
cDNAs, in conjunction with the sequence database, expe- 
dite the preparation of microarrays and facilitate the inter- 
pretation of the expression data. 

A single 96-well microtiter plate of cDNAs was the source 
for the first gene expression arrays. The plate contained 96 
samples, representing a total of 48 different clones, divided 
between adjacent wells to emphasize the reproducibility of 
the arraying and hybridization process. The 48 cDNAs 
included 45 cDNAs from Arabidopsis and one each from 
human, rat and yeast* 10 ). The 45 Arabidopsis cDNAs 
included 14 completely sequenced cDNAs and 31 ESTs* 10 ). 
The three non-plant cDN As served as controls. 
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Fig. 2. Microarray assay for gene expression. The steps used to monitor 
gene expression on a cDNA microarray are outlined. Total mRNA is isolated 
from a biological sample, primed with oligo-dT and fluorescently labeled 
using a single round of reverse transcription in the presence of fluorescein- 
12-dCTP. The fluorescent probe is hybridized to a cDNA microarray 
containing specific hybridization targets, washed at high stringency and 
scanned for fluorescence emission following laser excitation. Measurement of 
fluorescence intensity allows quantitation of gene expression. The data are 
displayed on a spreadsheet. 
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Table 1. Geno me parameters for several eukaryotes 

: ~~ " Genome (nt) Genes ESTs 

Organism , . 

Saccharomycescerevisiae (baker's yeas.) 1.4x10' 8 000 n* 
Arab/dops/srhaWanafthale cress) 0.7x 0 25,000 22,593 

Z*^^*™"** S IO0T0O S5?4 

Homo sapiens (human) OAi 

Shown are approximate haploid genome sizes<».">, gene numbers^ 
and current EST availability' 1 *"' for several eukaryotic organisms^ The EST 
database can be accessed on the work, w,de web 
(http //www.ncbi.nlm.nih.gov). Nucleotides, nt; not applicable, n.a. 



2 ug of mRNA was labeled by incorporating fluorescein- 
12-dCTP during the reverse transcription step. The fluores- 
cent cDNA mixture was hybridized to a microarray under a 
qlass cover slip, washed and scanned for fluorescein emis- 
sion following laser excitation. Hybridization with probe 
derived from root tissue, for example, revealed expression 
of many genes for which targets were arrayed, including the 
homeobox gene KNAT1 (Fig. 3A; f3,4), the synaptobrevin 
gene SAR1 (Fig. 3A; h5,6) and the cyclophilin gene ROC1 
(Fig 3A- g7 8). Expression of other genes, such as the 
chlorophyll-binding protein gene (CABI), which is known to 
be highly repressed in root tissue, was not detected in the 
experiment (Fig. 3A; b1 ,2). Signals from known amounts of 
human acetylcholine receptor mRNA, added to the labeling 
reaction prior to reverse transcription, provided an internal 
calibration standard (Fig. 3A; a1,2). 



Two-color fluorescence to monitor differential gene 
expression 

Differential expression measurements are carried out using a 
simultaneous, two-color fluorescence hybridization 
scheme* 9 - 10 *. This strategy allows comparison of expression in 
virtually any two biological samples of interest. The samples 
are labeled independently with fluorescein- and hssamine- 
conjugated dCTP, respectively, mixed and hybridized to a 
single microarray. The array is then scanned at two wave- 
lengths following independent excitation of the two fluors* 9 ' 10 ). 
Direct comparison of the scanned images provides a rapid 
identification of genes whose expression is elevated or 
repressed in each sampled"). Unlike conventional methods, 
the use of a single microarray for the measurements of differ- 
ential expression avoids complications inherent in comparing 
results from independent hybridizations. 

The first differential expression measurements'™) com- 
pared wild-type Arabidopsis plants with a transgenic line 
overexpressing a homeobox-leucine zipper gene known as 
HAT4™1 2 ng of mRNA from wild-type and HAT4 trans- 
genic plants were labeled with fluorescein and lissamine, 
respectively, mixed and hybridized to a single microarray. 
Comparison of the two scans revealed elevated HAT4 
expression in the transgenic line (Fig. 3C; e1,2) relative to 
wild-type plants (Fig. 3B; e1,2); the remaining 44 genes 



Fig 3 Monitoring gene expression on a cDNA microarray. Images of gene 
expression microarrays are represented in a pseudocolor scale. Numbers 
and letters on the axes serve to identify the location of the gene-specific 
hybridization targets. Color bars denote gene expression levels. Scanned 
images are as follows: (A) mRNA from root tissue labeled with fluorescein 
and scanned for fluorescein emission; (B) mRNA from wild-type plants 
labeled with fluorescein and scanned for fluorescein emission; (C) mRNA 
from HAT4 transgenic plants labeled with lissamine and scanned for 
lissamine emission. Note that two of the scans (B and C) were obtained from 
the same microarray scanned separately for fluorescein and lissamine, 
respectively. 



monitored on the array varied by less than fivefold between 
the two samples (Fig. 3B, C). Hybridization of fluorescein- 
labeled rat glucocorticoid receptor cDNA (Fig. 3B; c11,12) 
and lissamine-labeled yeast TRP4 cDNA (Fig. 3C; hi 1,12) 
verified the presence of the negative control targets and the 
lack of optical cross talk between the two fluors. 
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Technical parameters of the microarray assay 

The sensitivity of the microarray assay results from a small 
hybridization volume (2 enabling a high probe concen- 
tration that exceeds those used in conventional northern 
blots by a factor of 10 5 W The current limit of detection for a 
single fluorescent species in a probe mixture derived from 
total mRNA is approx. 1:100,000 (w/w), which allows detec- 
tion of nearly all cellular transcripts. Further improvements 
in the sensitivity of the assay might be accomplished by 
increasing the probe concentration and its specific activity, 
improving the detection system, reducing background flu- 
orescence and optimizing the hybridization conditions. 

The specificity of the assay is due to the use of relatively 
long hybridization targets (0.5-2.0 kb cDNAs) and stringent 
hybridization (65°C in 5xSSC + 0.1% SDS) and wash con- 
ditions (25°C in O.lxSSC + 0.1% SDS). No detectable 
cross-hybridization is observed among even closely related 
members of gene families such as HAT4 (Fig. 3; e1 ,2) and 
HAT22 (Fig. 3; e9,10), which share greater than 70% 
nucleotide identity over an extended region* 19 ). It may be 
possible to further increase the specificity of the assay by 
modifying the coupling chemistry used to immobilize the tar- 
get DNAs on the glass surface. 

The use of a single round of reverse transcription for the 
labeling reaction produces a cDNA mixture that accurately 
reflects the mRNA population. Titration experiments indi- 
cate that the concentration of the probe is limiting for hybrid- 
ization signals, even at the highest probe concentrations 
tested (2.0 \ig/\x\ of a complex mixture). Target concentra- 
tions of 200 ng/cm 2 on the array surface allow linear hybrid- 
ization kinetics over at least three orders of magnitude and 
quantitative detection of specific mRNAs representing as 
much as 2% of the total population. The robotic spotting 



Patient 



i 

Tissue sample 

i 

Monitor gene expression 

i 



Clinical 
diagnosis 



Therapy 



Fig. 4. Hypothetical flow chart for human disease diagnostics, showing one 
way in which cDNA microarrays might find use in molecular medicine. A 
tissue sample (e.g. blood or biopsy) from a patient with a physical or mental 
illness provides a source of mRNA for microarray-based gene expression 
monitoring* 10 *. Stereotyped changes in expression relative to a control 
sample might serve as a basis for clinical diagnosis and suggest an 
appropriate course of therapy* 10 '. Note that changes in expression could 
either trigger a disease state, or be the result of a given clinical condition. 



method reproducibly delivers samples of a given cDNA that 
vary by less than twofold from element to element. In most 
cases, the level of gene expression measured on a microar- 
ray correlates with northern blots to within a factor of two< 10 >. 
Experiments are underway to explore the extent to which 
amplification during the mRNA labeling step alters quantita- 
tion. Probe amplification by reverse transcription-PCR (RT- 
PCR)( 2 °) might allow for expression monitoring in minute 
samples of tissue such as human blood< 10 >. 

Towards expression monitoring of whole genomes 

The hierarchy in the control of gene expression in higher 
organisms provides an exceedingly complex problem for 
biological inquiry. For example, overexpression of the HAT4 
transcription factor in plants triggers a cascade of develop- 
mental changes, including accelerated development and 
altered morphology and pigmentation* 21 *. The mechanistic 
details of action of HAT4 and many other transcription fac- 
tors in higher plants and other organisms remain elusive. 
Though the consensus is that such regulators probably con- 
trol the expression of large numbers of genes< 22 \ identifying 
the upstream and downstream components of signaling 
pathways poses a difficult task. The capacity to monitor 
changes in gene expression at the whole genome level 
would expedite studies of this type by identifying groups of 
genes involved directly or indirectly in a given process. 

The successful use of relatively simple gene expression 
microarrays sets the stage for more ambitious experiments. 
At a density of 1 ,000 cDNAs per cm 2 , a single microarray of 
8 cm 2 would provide gene-specific targets for all of the 
genes in yeast (Table 1) and five microarrays would allow 
whole-genome expression monitoring in Arabidopsis and C. 
elegans (Table 1). Though approx. 100,000 targets would 
be required for expression monitoring of the entire human 
genome, it is likely that a smaller number of targets, such as 
10,000, would be adequate for most tissues. One microar- 
ray of human cDNAs may thus allow near-complete 
expression monitoring of peripheral blood, epithelium, liver, 
heart and other tissues and organs. The availability of large 
collections of ESTs from model organisms and human 
(Table 1) provide a rich source of targets for such arrays. 
Improvements in the DNA delivery system may allow array 
densities of 10 4 -10 5 per cm 2 . 

Prospects for human biology 

Microarrays could find a broad application in monitoring the 
differential expression in human genes, allowing changes in 
expression to be detected as a function of cell type, tissue 
source, physiological state or genetic background. Microar- 
rays could also serve as a rapid method to identify changes 
in expression that accompany treatment of human cells with 
drugs, hormones, inhibitors, elicitors and a host of other 
small molecules. 
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It may be possible to utilize a microarray-based test for 
human disease diagnostics* 1 °\ whereby a sample of blood 
or a biopsy from a patient would provide a source of mRNA 
for monitoring gene expression (Fig. 4). Stereotyped 
changes in gene expression may accompany specific men- 
tal and physical illnesses* 10 ) and thus provide diagnostic 
information and suggest particular courses of therapy (Fig. 
4). Genes with altered expression patterns may be the dis- 
ease genes per se, or genes whose expression is altered 
indirectly in afflicted individuals. Stereotyped expression 
patterns may also exist in subsets of the normal population 
including groups demarcated by race, gender, age and 
other differences. Extensive patient screening with gene 
expression microarrays might allow identification of infor- 
mative patterns in each of these groups. 
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